The spliceosome is a highly dynamic molecular machine that assembles *de novo* for each round of splicing by the ordered interaction of five small nuclear ribonucleoproteins (snRNPs) and numerous splicing factors with the pre-mRNA[@b1]. Initial spliceosome assembly can occur across an exon if the adjacent intron is longer than ∼250 nt. In this case, U2 snRNP binds the branch point sequence (BPS) upstream of the exon and U1 snRNP interacts with the 5′ splice site (ss) downstream of it, forming a cross-exon complex[@b2]. In contrast, stepwise assembly of the spliceosome across an intron is initiated by interaction of U1 snRNP with the 5′ss and U2 snRNP with the downstream BPS of the intron, yielding the spliceosomal A complex. Stable U4/U6.U5 tri-snRNP binding then generates the pre-catalytic B complex. Subsequently, the B^act^ and then B\* complex, which catalyses step I of splicing, are generated. B\* is transformed into complex C, which contains the cleaved 5′ exon and the intron-lariat-3′exon splicing intermediates. Complex C then catalyses step II of splicing, during which the lariat intron is excised and the 5′ and 3′ exons are ligated.

The spliceosome undergoes multiple structural and compositional rearrangements, including extensive changes in its RNA--RNA network[@b3][@b4]. In complex A, the U1 and U2 snRNAs base pair with the 5′ss and BPS, respectively. The U4/U6.U5 tri-snRNP, in which the U4 and U6 snRNAs are extensively base paired, associates with complex A, and a short helix between the 3′end of U6 and 5′end of U2 (U2/U6 helix II) is formed. Subsequently, the U1/5′ss interaction is disrupted, allowing base pairing of the 5′ss with the conserved ACAGA box of U6 snRNA. On unwinding of the U4/U6 duplex, U6 forms a functionally important intramolecular stem-loop and interacts with U2 to form U2/U6 helix I, generating the spliceosome\'s catalytically active RNA network[@b5].

Structural rearrangements in the spliceosome are driven by eight conserved DExD/H-box ATPases/helicases[@b6][@b7] that couple the energy of ATP hydrolysis to structural and/or compositional rearrangements at distinct steps of the splicing cycle[@b8][@b9]. One of these essential factors is the DEAD-box protein Prp28, an integral component of the U5 snRNP and U4/U6.U5 tri-snRNP[@b10] in human, but not in *Saccharomyces cerevisiae* (*S. cerevisiae*)[@b11]. Prp28 contains all eight conserved motifs (I--VIII) present in DEAD-box proteins that are required for ATPase and RNA unwinding activity[@b10]. In yeast, mutation of these motifs indicated that Prp28′s putative ATPase and helicase activities are required for pre-mRNA splicing *in vivo*[@b12]. However, isolated Prp28 exhibits very little[@b13] or no[@b11][@b14][@b15][@b16] ATPase activity *in vitro*, and to date no RNA unwinding activity could be demonstrated. Indeed, isolated yeast and human (h)Prp28 adopt a conformation not conducive for ATP hydrolysis, with their RecA domains in an open conformation[@b13][@b16]. In human, hPrp28 first binds ATP after incorporation into the spliceosome, suggesting that interactions with other spliceosome components lead to a structural change in hPrp28 that enables ATP binding and potentially triggers its ATPase activity[@b16].

In *S. cerevisiae*, Prp28 plays an essential role in destabilizing the U1/5′ss duplex, thereby allowing the exchange of U1 for U6 snRNA interaction with the 5′ss (refs [@b17], [@b18]). Mutations in yeast U1 snRNP proteins that destabilize the U1/5′ss interaction can bypass the need for Prp28 (refs [@b18], [@b19]). In human, immunodepletion of hPrp28 from HeLa nuclear extract blocks the A to B complex transition[@b20]. In addition, phosphorylation of hPrp28 by serine--arginine protein kinase 2 is necessary for hPrp28 integration into the U4/U6.U5 tri-snRNP and only tri-snRNPs containing hPrp28 are competent for stable B complex formation[@b20]. However, the precise role of Prp28 in higher eukaryotes, including whether its enzymatic activity is required for stable B complex formation, remains unclear.

Stable U4/U6.U5 tri-snRNP integration during human B complex formation not only depends on the presence of hPrp28, but also is aided by other spliceosomal proteins including serine--arginine rich (SR) proteins[@b21], the tri-snRNP proteins hSAD1 and hSART1 (ref. [@b22]), and SPF30 (refs [@b23], [@b24]). During B complex formation, B-specific proteins interact with the spliceosome but are released already during the subsequent activation stage[@b25][@b26]. These proteins thus potentially aid in stable tri-snRNP integration during B complex formation[@b25][@b27]. Several tri-snRNP components, including the U5 and U6 snRNAs[@b28][@b29] and the proteins Prp8 and Prp28 (refs [@b30], [@b31]), interact with the 5′ss in mammalian B complexes, and thus likely also contribute to stable tri-snRNP binding.

Here we dissect the role of hPrp28 in mammalian splicing *in vitro* and identify a novel intermediate of the cross-intron spliceosome assembly pathway, namely the 37S pre-B complex. Our data provide new insights into Prp28\'s function during splicing, and also into the initial recruitment and subsequent stable integration of the tri-snRNP during assembly of the pre-catalytic spliceosome.

Results
=======

A hPrp28 mutant stalls spliceosome assembly before complex B
------------------------------------------------------------

To dissect the role of the DEAD-box protein hPrp28 during human spliceosomal B complex formation, we first assayed the effect of an excess of hPrp28, in which the DEAD motif was mutated to AAAD (designated hPrp28^AAAD^), on MINX-MS2 pre-mRNA splicing *in vitro*. As amino acids from the DEAD-box motif are involved in ATP hydrolysis[@b32][@b33], these mutations should abolish Prp28\'s ATPase activity. Because hPrp28 adopts an active conformation first when incorporated into the spliceosome[@b16], the ATPase activity of recombinant hPrp28^AAAD^ could not be tested *in vitro*. However, a single alanine mutation in the DEAD motif (DEAD to AEAD) of yeast Prp28 severely reduced its ATPase activity, and yPrp28^AEAD^, as well as yPrp28^DAAD^, exhibit a lethal phenotype *in vivo*[@b13]. Addition of hPrp28^AAAD^, but not recombinant wild-type protein, impaired pre-mRNA splicing *in vitro* ([Fig. 1a](#f1){ref-type="fig"}), with nearly complete inhibition of both catalytic steps observed at 50 ng μl^−1^, which corresponds to a ∼50-fold excess over the endogenous protein. Thus, hPrp28^AAAD^ acts as a dominant-negative mutant that inhibits splicing before the first catalytic step. This suggests that hPrp28^AAAD^ competes with the endogenous wild-type protein for binding but due to its inactivity, spliceosome assembly is blocked. To identify at which stage splicing is inhibited, spliceosomal complexes were assembled in the presence of a 50-fold excess of hPrp28^AAAD^ and then analysed by native gel electrophoresis in the presence of heparin. Formation of A, B and C complexes was observed in reactions lacking hPrp28^AAAD^ or containing wild-type recombinant hPrp28 ([Fig. 1b](#f1){ref-type="fig"}). In contrast, in the presence of hPrp28^AAAD^, B complex assembly was severely reduced and A complexes accumulated ([Fig. 1b](#f1){ref-type="fig"}). Thus, spliceosome assembly is stalled during the A to B complex transition, indicating that hPrp28 activity is required at this stage. In *S. cerevisiae* Prp28 also plays a very early role before U2 recruitment to the spliceosome[@b34]. However, the rate of stable U2 snRNP recruitment (that is, A complex formation) was not substantially altered in the presence of hPrp28^AAAD^ ([Supplementary Fig. 1](#S1){ref-type="supplementary-material"}).

Purification of a novel spliceosome assembly intermediate
---------------------------------------------------------

To analyse the stalled spliceosomal complexes in more detail, we purified them by glycerol gradient centrifugation and subsequent MS2 affinity selection. Spliceosomes assembled in the presence of hPrp28^AAAD^ peaked in the ∼37S region of the gradient, whereas B complexes formed after 6 min of splicing without hPrp28^AAAD^ peaked at ∼45S ([Fig. 1c](#f1){ref-type="fig"}). Affinity-purified 37S spliceosomes formed in the presence of hPrp28^AAAD^ contained stoichiometric amounts of all five snRNAs plus the MINX-MS2 pre-mRNA ([Fig. 1d](#f1){ref-type="fig"}). In contrast, U1 snRNA was substantially underrepresented in purified B complexes ([Fig. 1d](#f1){ref-type="fig"}). Thus, in the presence of hPrp28^AAAD^, stoichiometric amounts of U1 snRNP remain associated with the pre-mRNA, and the tri-snRNP is recruited but not yet stably bound, as evidenced by the absence of a B complex in native gels in the presence of heparin ([Fig. 1b](#f1){ref-type="fig"}). As a complex with these characteristics has not yet been described, it represents a novel mammalian spliceosome assembly intermediate (henceforth termed the 37S pre-B complex), formed after complex A but before hPrp28 action and stable tri-snRNP integration ([Fig. 1e](#f1){ref-type="fig"}).

Mass spectrometry (MS) of affinity-purified pre-B complexes revealed that, consistent with their snRNA composition, they contain nearly all proteins associated with the U1 and U2 snRNPs, and U4/U6.U5 tri-snRNP, including hPrp28 ([Supplementary Data 1](#S1){ref-type="supplementary-material"}). Thus, the defect in spliceosome assembly is not due to the absence of hPrp28, but presumably its lack of enzymatic activity. Indeed, western blot analyses showed that endogenous hPrp28 was quantitatively replaced by the hPrp28^AAAD^ mutant in affinity-purified pre-B complexes ([Supplementary Fig. 2](#S1){ref-type="supplementary-material"}), indicating that hPrp28^AAAD^ outcompetes the endogenous protein for binding to the spliceosome. Compared with complex B, the pre-B complex contained lower peptide counts for the B-specific proteins RED, MFAP1, FBP21, hSmu-1, hPrp38 and hSnu23, and the Prp19/CDC5L complex and related proteins. To determine which proteins are present in stoichiometric amounts, we performed two-dimensional (2D) gel electrophoresis followed by MS. Abundant proteins (with a molecular mass above 25 kDa) in pre-B complexes included essentially all U1, U2 and U4/U6, U5 and tri-snRNP proteins plus hPrp4 kinase, CBP80 and ASR2B ([Fig. 2](#f2){ref-type="fig"}, [Table 1](#t1){ref-type="table"}). The 2D analysis also confirmed that the B-specific proteins are present in very low levels. B complexes contain a similar set of abundant proteins, except that hPrp4 kinase, RBM42 and U1 snRNP proteins are no longer abundant, and most B-specific proteins, plus SRSF1, hnRNP A1 and hPrp19 are present in large amounts[@b26]. Thus, an excess of hPrp28^AAAD^ blocks spliceosome assembly before U1 displacement and recruitment of B-specific proteins.

hPrp6 and hPrp31 are phosphorylated by hPrp4 kinase during B complex formation[@b35]. As hPrp4 kinase is abundant in pre-B complexes, we assayed via western blot whether hPrp31 is phosphorylated at this stage, using antibodies specific for phosphorylated hPrp31. Only a very low level of phospho-hPrp31 was detected in purified pre-B complexes compared with B ([Supplementary Fig. 2](#S1){ref-type="supplementary-material"}), indicating that hPrp4 kinase is activated during the pre-B to B transition.

Analysis of the RNA--RNA network in the 37S pre-B complex
---------------------------------------------------------

We next investigated RNA--RNA interactions within pre-B and B complexes by performing psoralen (4′-aminomethyl-4,5′,8-trimethylpsoralen, AMT) crosslinking. RNA--RNA crosslinks were analysed via Northern blotting by sequentially incubating with ^32^P-labelled probes against MINX pre-mRNA and the U1, U2, U4, U5 and U6 snRNAs. Several bands were detected by two or more probes, indicating crosslinking of two (or more) of these RNAs ([Fig. 3a](#f3){ref-type="fig"}; [Supplementary Fig. 3](#S1){ref-type="supplementary-material"}). For example, crosslinks between U2 and U6, and U4 and U6, and a triple crosslink between U2, U4 and U6 were observed in both complexes ([Fig. 3a](#f3){ref-type="fig"}). The migration behaviour of the U2/U6 crosslink indicates formation of U2/U6 helix II (ref. [@b36]), and thus the U4/U6.U5 tri-snRNP docks with the pre-B complex, at least in part, by interacting with U2.

Several slowly migrating bands were observed with the MINX-MS2 pre-mRNA and the snRNAs (with the exception of U5) after ultraviolet irradiation, indicating the formation of pre-mRNA/snRNA crosslinks. To confirm that these bands contained the pre-mRNA, we performed RNase H cleavage with a DNA oligonucleotide complementary to the 3′ exon of the MINX-MS2 pre-mRNA (designated exon oligo); loss or reduction in a given crosslinked species after RNase H digestion indicates the presence of pre-mRNA. Two slower migrating bands were detected with both the pre-mRNA and U1 probes in the pre-B complex but only weakly in B ([Fig. 3a](#f3){ref-type="fig"}, lanes 1--8 and 9--16). RNAse H digestion with the exon oligo reduced their intensity and led to the appearance of two faster migrating bands that are detected by the U1 and pre-mRNA probes ([Fig. 3a](#f3){ref-type="fig"}). This demonstrates crosslink formation between the pre-mRNA and U1, consistent with a U1/5ss interaction in the pre-B complex, and thus the requirement for hPrp28 activity for U1/5′ss unwinding. Although U2 snRNA base pairs with the BPS already in complex A[@b37], a pre-mRNA/U2 crosslink was not observed with either complex, likely due to inaccessibility of the U2/BPS duplex to psoralen; indeed a U2/pre-mRNA crosslink was not observed previously with human B or B^act^ complexes[@b36].

In contrast, several slowly migrating bands were observed with both the pre-mRNA and U6, U4 and U2 probes, with the B complex, but only very weakly or not at all with pre-B. These bands include pre-mRNA/U6/U4/U2, pre-mRNA/U6/U2, pre-mRNA/U6/U4 and pre-mRNA/U6 crosslinked species ([Fig. 3](#f3){ref-type="fig"}). The latter likely co-migrates with the very strong U2/U4/U6 crosslink and is only visible after RNAse H digestion with the exon oligo ([Fig. 3](#f3){ref-type="fig"}, lanes 46--48). Previous psoralen crosslinking studies analysing affinity-purified human B complexes formed on PM5 pre-mRNA, confirmed the formation of a U6/pre-mRNA crosslink that, due to the increased length of PM5 versus MINX pre-mRNA, no longer co-migrated with the U2/U4/U6 triple crosslink and was thus visible even without RNAse H digestion[@b36]. Formation of a U6/pre-mRNA crosslink (and other crosslinks containing U6, the pre-mRNA and additional snRNAs) is consistent with an interaction between the U6 ACAGA box and intron nucleotides near the 5′ss. Thus, in the 37S pre-B complex the U1 snRNP is still base paired at the 5′ss, while the U4/U6.U5 tri-snRNP associates, at least partially, via U2/U6 helix II ([Fig. 3b](#f3){ref-type="fig"}). In the B complex, U1 snRNA is displaced from the 5′ss and U6 snRNA interacts with intron nucleotides near the 5′ss.

Pre-B complexes can be chased into active spliceosomes
------------------------------------------------------

To determine whether the hPrp28^AAAD^-stalled pre-B complex is a functional assembly intermediate, we performed chase experiments. When affinity-purified pre-B complexes were incubated under splicing conditions in the absence of extract, or after addition of hPrp28^wt^ alone, no splicing was observed ([Fig. 4](#f4){ref-type="fig"}, lanes 1--5). However, when micrococcal nuclease (MN)-treated nuclear extract---in which all endogenous snRNPs were degraded---was added, splicing was observed, albeit at a lower level than observed with purified B complexes plus MN-extract ([Fig. 4](#f4){ref-type="fig"}, lanes 6--7 versus 13--14; where the average splicing product formation (from two independent experiments)±the s.d. was 3.9±0.5% for pre-B versus 18.4±2.6% for B after 60 min). Thus, purified pre-B complexes can be chased into mature spliceosomes that catalyse both steps of splicing. Splicing was not observed when pre-mRNA alone was incubated under splicing conditions with MN-treated extract ([Fig. 4](#f4){ref-type="fig"}, lanes 15--17). The efficiency of the pre-B complex chase, but not that of B complexes, could be improved by adding an excess recombinant hPrp28^wt^ protein to the reaction ([Fig. 4](#f4){ref-type="fig"}, lanes 8--9 and [Supplementary Fig. 4](#S1){ref-type="supplementary-material"}; 9.6±2.9% splicing product formation with pre-B plus MN extract and hPrp28 after 60 min). This suggests that the lower splicing efficiency of pre-B complexes plus MN extract results from the inability of endogenous hPrp28 in the MN-treated extract to efficiently displace hPrp28^AAAD^.

The structures of the pre-B and B complex are different
-------------------------------------------------------

The 37S pre-B and 45S B complexes exhibit very different sedimentation coefficients despite having very similar molecular masses, suggesting that they differ structurally. We thus analysed affinity-purified pre-B complexes stalled in the presence of hPrp28^AAAD^ by negative-stain electron microscopy (EM) after gradient fixation (GraFix; [Fig. 5](#f5){ref-type="fig"}). Well defined, single particles were visible in the EM overview ([Fig. 5a](#f5){ref-type="fig"}). Classification and class averaging of single particle images ([Fig. 5b](#f5){ref-type="fig"}) revealed that the pre-B complex possesses an upper head domain and an elongated body domain, and has a maximum length of ∼40 nm. The head domain is triangular and appears similar in all classes. In contrast, the lower body domain shows significant differences in its structure, varying in size and form in almost all class averages, suggesting it is flexible or structurally heterogeneous ([Fig. 5b](#f5){ref-type="fig"}). However, the different structures could potentially also reflect different orientations of the complex on the EM grid. In contrast, B complexes appear structurally homogenous with a characteristic orientation in almost all class averages and clearer structural details ([Fig. 5c,d](#f5){ref-type="fig"}). Overall the B complex appears more compact with less conformational flexibility of the head domain compared with the pre-B complex, which might contribute to its higher S-value. The structure of pre-B in most classes is very different from that of B, indicating that the pre-B to B complex transition is accompanied by a substantial structural rearrangement.

Tri-snRNP stabilization via addition of a 5′ss RNA *in trans*
-------------------------------------------------------------

We next tried to bypass the exchange of U1 for U6 at the 5′ss, which is blocked in the pre-B complex due to the presence of hPrp28^AAAD^, by adding an excess of an RNA oligonucleotide containing an optimized 5′ss sequence (designated 5′ss oligo). This 5′ss oligo is complementary to the 5′ end of U1 snRNA, and to U6 snRNA ([Supplementary Fig. 5a](#S1){ref-type="supplementary-material"}). When added in excess, it not only competes with the 5′ss for U1 binding, thereby disrupting the U1/5′ss interaction, but also interacts with the U4/U6.U5 tri-snRNP, in particular U6 snRNA[@b27][@b38] ([Fig. 6a](#f6){ref-type="fig"}). However, a 2′O-ribose methylated (2′Ome) version of this 5′ss oligo does not bind the tri-snRNP, and only leads to U1 displacement from the endogenous 5′ss (ref. [@b38]). When we assembled spliceosomes in nuclear extract in the presence of an inhibitory concentration of hPrp28^AAAD^ and subsequently added an excess of the 2′Ome 5′ss oligo, no B complex formation was observed ([Fig. 6b](#f6){ref-type="fig"}). However, addition of the non-methylated form of the 5′ss oligo led to B complex formation ([Fig. 6b](#f6){ref-type="fig"}). To determine whether U1 was underrepresented in the spliceosomal complexes formed after addition of the wild-type and 2′Ome 5′ss oligo, we affinity-purified them. Analysis of their RNA compositions showed a clear reduction in U1, but not other snRNAs, comparable to that observed for U1 with the B complex ([Supplementary Fig. 5b](#S1){ref-type="supplementary-material"}). Using ^32^P end-labelled 5′ss RNA oligos, we also confirmed that the wild-type oligo, but not the 2′Ome version, binds to affinity-purified pre-B complexes ([Supplementary Fig. 6](#S1){ref-type="supplementary-material"}), consistent with the former interacting with components of the tri-snRNP. Thus, displacement of U1 from the pre-mRNA\'s 5′ss in the absence of hPrp28 activity is not sufficient to allow the loosely bound tri-snRNP in the pre-B complex to stably interact with the 5′ss of the pre-mRNA.

We next tested whether stable tri-snRNP association can be induced by the 5′ss oligo in the absence of nuclear extract. When affinity-purified, pre-B complexes were analysed on a glycerol gradient containing 150 mM KCl ([Fig. 6c](#f6){ref-type="fig"}), the majority of the complexes peaked in fractions 10--12 with an *S*-value\<30S ([Fig. 6c](#f6){ref-type="fig"}), consistent with dissociation of the U4/U6.U5 tri-snRNP under these conditions. Thus, affinity-purified pre-B complexes (that is, in the absence of nuclear extract) are not stable when subjected to a second glycerol gradient containing 150 mM salt. However, addition of the 5′ss oligo, but not the 2′Ome form, led to the formation of a complex with a higher *S*-value that co-migrated with purified B complexes run in parallel. Affinity selection of this stabilized complex showed that it contains stoichiometric amounts of the U2 snRNP and U4/U6.U5 tri-snRNP, and the MINX-MS2 pre-mRNA, based on its RNA composition ([Fig. 6d](#f6){ref-type="fig"}). Thus, addition of a 5′ss oligo *in trans* leads to a more stably associated tri-snRNP and a shift in *S*-value even in the absence of extract, indicating that all factors required for tri-snRNP stabilization are already present in purified pre-B complexes. Thus, the B-specific proteins, which are for the most part absent from the pre-B complex, are not required for salt-stable tri-snRNP integration.

EM of affinity-purified pre-B complexes incubated with the 5′ss oligo in the absence of extract, showed well-defined single particles ([Fig. 5e](#f5){ref-type="fig"}). The most frequently observed classes are very similar and show only a low degree of structural heterogeneity ([Fig. 5f](#f5){ref-type="fig"}). The 5′ss oligo stabilized pre-B complex adopts a structure almost identical to that of the B complex ([Fig. 5c,d](#f5){ref-type="fig"}), with nearly no structural similarities with the pre-B complex ([Fig. 5a,b](#f5){ref-type="fig"}). Thus, addition of an excess of a 5′ss *in trans* induces a significant change in the structure of the 37S pre-B complex such that it adopts an organization characteristic for B complexes with stably integrated tri-snRNP. This is consistent with the idea that the interaction of the tri-snRNP with a 5′ss *in trans* mimicks the situation with the pre-mRNA, where the 5′ss is present *in cis.* Taken together, our data indicate that a decisive factor for stable binding of the tri-snRNP during B complex formation is its interaction with the 5′ss.

Discussion
==========

Here we identify a spliceosome assembly intermediate formed before hPrp28 action, which to date has not been characterized in higher eukaryotes. Although the 37S pre-B complex contains stoichiometric amounts of all five snRNAs, the tri-snRNP is not stably associated, indicating that association of the latter can occur before hPrp28 action, but its stable integration into the spliceosome requires ATP hydrolysis by hPrp28 ([Fig. 1](#f1){ref-type="fig"}). The pre-B complex most likely previously escaped detection because it is relatively unstable and/or in the presence of wild-type hPrp28 is rapidly converted to a heparin-stable, spliceosomal B complex. Importantly, chase experiments with affinity-purified pre-B complexes and MN-treated nuclear extract ([Fig. 4](#f4){ref-type="fig"}), demonstrated that it is a functional spliceosome assembly intermediate.

Affinity-purified pre-B complexes contained essentially all U1, U2, U4/U6 and U5 snRNP proteins ([Fig. 2](#f2){ref-type="fig"}; [Table 1](#t1){ref-type="table"}; [Supplementary Data 1](#S1){ref-type="supplementary-material"}). However, unlike the B complex, the pre-B complex contains stoichiometric amounts of hPrp4 kinase, RBM42 and U1 snRNP proteins, but only very low levels of the B-specific proteins RED, MFAP1, FBP21, hSmu-1, hPrp38 and hSnu23. As hPrp4 kinase is not present in human spliceosomal A complexes and very little is detected in the B complex[@b26], this kinase appears to associate transiently with the spliceosome. Human Prp4 kinase phosphorylates the tri-snRNP proteins hPrp31 and hPrp6 during B complex formation, and is required for stable B complex formation *in vitro*[@b35]. As hPrp31 was only weakly phosphorylated in affinity-purified pre-B complexes ([Supplementary Fig. 2](#S1){ref-type="supplementary-material"}), hPrp4 kinase appears to be inactive at this stage of spliceosome assembly. What triggers hPrp4 kinase activity and ultimately leads to its dissociation from the B complex is not clear. One possibility is that the conformational rearrangement that occurs during the pre-B to B transition (see below) might trigger hPrp4 kinase activity (or vice versa) and at the same time induce structural changes that result in its release. Consistent with this, addition of the 5′ss RNA oligo to extracts where pre-B complexes were first allowed to form (in the presence of hPrp28^AAAD^), leading to stable tri-snRNP intergration and formation of a 45S complex, also leads to enhanced phosphorylation of hPrp31 ([Supplementary Fig. 2](#S1){ref-type="supplementary-material"}).

The structure of the 37S pre-B complex differs from that of the 45S B complex ([Fig. 5](#f5){ref-type="fig"}), indicating that a substantial rearrangement occurs before or during stable tri-snRNP integration during intron-defined spliceosome assembly. A structural change was also recently observed when a cross-exon splicing complex with loosely associated tri-snRNP was converted into a B-like complex with stably associated tri-snRNP[@b38]. Previously, immuno-EM studies indicated that the U2 snRNP is in the head domain of the B complex[@b39], while U5 snRNP and U4/U6 snRNP are in the body and neck region, respectively[@b40]. Unfortunately, at the current resolution, it is not possible to assign the probable positions of the snRNPs to the 2D images of the pre-B complex. Initial attempts to localize the U2 or tri-snRNP via immuno-EM were unsuccessful due to the labile nature of the pre-B complex. Thus, it is presently not clear whether the tri-snRNP itself undergoes an RNP rearrangement or alternatively that its position relative to components of the A complex has changed.

The identification and characterization of an assembly intermediate formed after A but before the pre-catalytic B complex, allows a more clear definition of what precisely a spliceosomal B complex is. Namely, our data demonstrate that the formation of a B complex requires ATP binding/hydrolysis by Prp28, during which U1 is displaced from the 5′ss and replaced by U6 snRNA. At the same time a structural rearrangement occurs which leads to stable association of the tri-snRNP and recruitment of the B-specific proteins. The U4 and U6 snRNAs are still base-paired in the pre-catalytic B complex, keeping U6 in an inactive state[@b41]. The displacement of U1 by Prp28 occurs before or during B complex formation, whereas release of U4 by the helicase Brr2 occurs during the subsequent spliceosome activation step ([Fig. 7](#f7){ref-type="fig"}). Thus, these two spliceosomal helicases act sequentially and, although displacement of U1 from the 5′ss may be a prerequisite for activation, they apparently do not necessarily act in a coordinated fashion.

Interestingly, the 37S pre-B complex, which is an early intermediate of the cross-intron spliceosomal assembly pathway, shares similarities but also differences with the recently described 37S cross-exon complex[@b27][@b38]. The latter forms on an exon containing solely flanking intron sequences, and is an early intermediate of the cross-exon spliceosome assembly pathway. Both complexes share nearly identical protein and snRNA compositions, containing U1 and U2 snRNP, and loosely associated tri-snRNP ([Fig. 2](#f2){ref-type="fig"})[@b38]. However, despite nearly identical compositions, each complex appears to have a distinct morphology as evidenced by EM ([Supplementary Fig. 7](#S1){ref-type="supplementary-material"}). This apparent structural difference might reflect the different location of U1 snRNP relative to the BPS-bound U2 snRNP in both complexes; U1 is base-paired with the 5′ss upstream of the BPS in the 37S pre-B complex, whereas in the 37S cross-exon complex it is bound to the 5′ss downstream of the BPS and the exon. It will be interesting to compare the three-dimensional structure of these complexes by cryo-EM in the future, to more clearly elucidate any structural differences.

Stable tri-snRNP association with the 37S cross-exon complex can be achieved by adding a 5′ss-containing RNA oligonucleotide *in trans*---either to splicing extract or to affinity-purified cross-exon complexes, and is accompanied by a major structural change that generates a complex (the so-called B-like complex) with a morphology highly similar to the B complex ([Supplementary Fig. 5](#S1){ref-type="supplementary-material"})[@b27][@b38]. We observed a similar effect with 37S pre-B complexes. Namely, addition of the 5′ss oligo to splicing extracts containing inhibitory concentrations of hPrp28^AAAD^ or to affinity-purified 37S pre-B complexes led to the formation of a complex with stably associated tri-snRNP ([Fig. 6](#f6){ref-type="fig"}), which appears to be structurally very similar to the B complex, as evidenced by EM ([Fig. 5](#f5){ref-type="fig"}; [Supplementary Fig. 7](#S1){ref-type="supplementary-material"}). This is consistent with the idea that the 37S complexes with loosely associated U4/U6.U5 tri-snRNP represent a very similar intermediate in both the exon-defined and intron-defined spliceosome assembly pathways, and that stable tri-snRNP integration is triggered by its interaction with the pre-mRNA\'s 5′ss in both pathways. They further suggest that the exon- and intron-defined spliceosome assembly pathways converge at the B complex stage. Indeed, as splicing catalysis can only occur across an intron, cross-exon complexes must be converted to cross-intron complexes before catalysis.

As affinity-purified pre-B complexes contain only very low levels of B-specific proteins, we conclude that they are not essential for stable integration of the U4/U6.U5 tri-snRNP during B complex formation. Transformation of 37S cross-exon complexes with loosely associated tri-snRNP, to B-like complexes with stably integrated tri-snRNP, also did not require B-specific proteins, indicating that they also do not contribute substantially to stable tri-snRNP binding during this transition[@b38]. Instead, B-specific proteins appear to function after B complex formation and thus likely contribute to the subsequent activation step, during which they are displaced from the spliceosome.

Our data provide important insights into hPrp28′s role during mammalian splicing. Human Prp28 is still present in stoichiometric amounts in affinity-purified pre-B complexes and the vast majority that is present is the hPrp28^AAAD^ mutant ([Fig. 2](#f2){ref-type="fig"}; [Supplementary Fig. 2](#S1){ref-type="supplementary-material"}). Thus, the latter outcompetes the endogenous wild-type protein for binding to the spliceosome. Given that the DEAD to AAAD exchange has little or no effect on the overall structure of the mutant protein, it is likely that it is incorporated in the spliceosome in an identical manner, establishing the same RNA and protein contacts. Thus, the defect in spliceosome assembly is not due to the absence of hPrp28 nor apparently to its aberrant incorporation into the tri-snRNP/spliceosome, but rather most likely due to its lack of ATPase/unwinding activity.

The hPrp28^AAAD^-mediated block in spliceosome assembly occurs before disruption of the U1/5′ss interaction ([Fig. 3](#f3){ref-type="fig"}). Thus, ATP hydrolysis by hPrp28 is also a prerequisite for displacement of U1 from the 5′ss in higher eukaryotes. As the U1/5′ss and U6/5′ss interactions are mutually exclusive, the latter interaction can only occur within the spliceosome if U1 has vacated the 5′ss. Interestingly, addition of a 2′Ome 5′ss oligo to a splicing reaction containing inhibitory amounts of hPrp28^AAAD^, did not support B complex formation ([Fig. 6](#f6){ref-type="fig"}), even though it led to displacement of the majority of U1 from the pre-mRNA ([Supplementary Fig. 5](#S1){ref-type="supplementary-material"}). Thus, an accessible 5′ss present *in cis* is apparently not sufficient to trigger stable tri-snRNP integration nor the structural change converting the spliceosome from a 37S to 45S complex. This suggests that in the spliceosome hPrp28 may play an additional role. Crosslinking studies showed that in the human B complex, the ATP-binding site of hPrp28 is close to the 5′ss, just a few nucleotides downstream of the exon--intron junction, which is contacted by hPrp8, and that ATP hydrolysis is required for hPrp28 interaction with the 5′ss (ref. [@b31]). It was thus proposed that hPrp28 not only unwinds the U1/5′ss duplex but also facilitates a conformational change that positions the 5′ss for base pairing with the U6 ACAGA box[@b31]. Although this coordinated handoff appears to be circumvented, at least partially, by adding an excess of an unmodified 5′ss containing oligo that can base pair with U6 in the absence of Prp28 activity and thereby trigger stable tri-snRNP binding ([Fig. 6](#f6){ref-type="fig"}), this is not likely the case within the spliceosome. Recent studies investigating stable tri-snRNP integration after its initial association with a cross-exon spliceosomal complex, indicated that a major determinant for stable tri-snRNP integration is the interaction of Prp8 with the 5′ss (ref. [@b38]). Thus, hPrp28 action may also position the 5′ss for interaction with Prp8, leading to stable tri-snRNP integration and formation of the B complex. Consistent with this, *S. cerevisiae* Prp28 interacts genetically with Prp8 (ref. [@b42]). Such a coordinated handover of the 5′ss from U1 to hPrp8/U6 by hPrp28 potentially contributes to the high fidelity of 5′ss recognition. Indeed, genetic studies in yeast indicate that Prp28 proofreads the 5′ss and ultimately rejects poor 5′ splice sites[@b15].

Human Prp28 adopts an active conformation first when incorporated into the spliceosome[@b16]. Our data suggest that initial docking of the tri-snRNP to the A complex may already trigger a conformational change in Prp28, thereby activating it, as hPrp28′s ATPase activity is required for the subsequent assembly step that generates complex B. As the transition from a pre-B to B complex involves a major structural change ([Fig. 5](#f5){ref-type="fig"}), which appears to require the interaction of Prp8/U6 with the 5′ss (ref. [@b38]; [Fig. 6](#f6){ref-type="fig"}), it is tempting to speculate that this structural change is mediated/triggered by hPrp28′s ATPase/unwinding activity.

Methods
=======

Purification of recombinant hPrp28 protein
------------------------------------------

N-terminally His~6~-tagged hPrp28 and hPrp28^AAAD^ were expressed in *Escherichia coli* Rosetta 2 (DE3) cells[@b20]. Cells were grown to an OD~600~ of 0.4--0.8 at 30 °C and expression of the recombinant protein was induced by adding 0.3 mM IPTG. After incubation at 18 °C overnight, cells were disrupted in 50 mM Tris-HCl pH 7.5, 2 M LiCl, 5% (v/v) glycerol and 2 mM 2-mercaptoethanol in the presence of a protease inhibitor cocktail (ALP) using a microfluidizer (M-110S, *Microfluidics*). After centrifuging at 35,000*g* for 30 min, the supernatant was loaded onto a Ni-NTA Sepharose column (Protino, Macherey and Nagel) in buffer containing 50 mM Tris/HCl pH 7.5, 500 mM NaCl, 5% (v/v) glycerol, 2 mM 2-mercaptoethanol and 10 mM imidazole. After washing, His~6~-hPrp28 or His~6~-hPrp28^AAAD^ was eluted by gradually increasing the concentration of imidazole to 300 mM. After sample concentration, purification to homogeneity was achieved by size exclusion chromatography (Superdex 200, GE Healthcare) performed in 10 mM Tris-HCl pH 7.5, 500 mM NaCl, 5% (v/v) glycerol and 2 mM 2-mercaptoethanol.

Pre-mRNA splicing and splicing complex formation
------------------------------------------------

Splicing reactions contained 40% (v/v) HeLa nuclear extract[@b43], 65 mM KCl, 3 mM MgCl~2~, 2 mM ATP, 20 mM creatine phosphate and 10 nM uniformly ^32^P-labelled, m^7^G-capped MINX-MS2 pre-mRNA, and were incubated at 30 °C for the indicated times. To test the effect of recombinant hPrp28 on splicing, reactions were supplemented with His~6~-tagged wild-type hPrp28 or mutant hPrp28^AAAD^ to a final concentration of 10--100 ng μl^−1^ before the addition of the pre-mRNA and preincubated for 30 min at 30 °C to allow an exchange of the recombinant protein with the endogenous hPrp28. Splicing was initiated by addition of the radiolabelled MINX-MS2 pre-mRNA. RNA was recovered at the indicated time points and separated on a 14% polyacrylamide gel containing 6 M urea. Unspliced pre-mRNA, and splicing intermediates and products were detected using a Typhoon phosphoimager (GE Healthcare). The pre-mRNA, and splicing intermediates and products (spliced mRNA and excised lariat intron) were quantified using ImageQuantTL (GE Healthcare). The percent spliced mRNA was calculated by dividing the amount of mRNA by the amount of pre-mRNA, lariat-intermediate and splicing products (minus background), and multiplying by 100. To investigate the effect of a 5′ss-containing RNA added *in trans*, splicing reactions containing an inhibitory concentration (50 ng μl^−1^) of hPrp28^AAAD^ were first incubated for 3 min at 30 °C. The reaction was then supplemented with an RNA oligonucleotide containing a 5′ss (5′- AAG/GUAAGUAU -3′, Eurofins MWG Operon) or a 2′O-ribose methylated version thereof, to a final concentration of 1 μM followed by an additional incubation at 30 °C for 15 min. Spliceosomal complexes were analysed on a 2% (w/v) low melting point agarose gel in the presence of 0.65 mg ml^−1^ heparin[@b44] and bands were visualized with a Typhoon phosphoimager (GE Healthcare). Alternatively, splicing reactions were loaded onto a linear 10--30% (v/v) glycerol gradient containing G-150 buffer (20 mM Hepes-KOH pH 7.9, 1.5 mM MgCl~2~, 150 mM KCl) or G-75 buffer (G-buffer with 75 mM KCl) as indicated, and centrifuged at 488,576*g* (*r*~max~) for 135 min at 4 °C in a Sorvall TH660 rotor. The gradients were harvested manually in 175 μl fractions from the top and the distribution of ^32^P-labelled MINX pre-mRNA was determined by Cherenkov counting.

Affinity purification of spliceosomal complexes
-----------------------------------------------

*In vitro* assembled spliceosomal complexes were purified by gradient centrifugation, followed by MS2 affinity selection[@b25][@b38]. For this purpose, the ^32^P-labelled, MINX-MS2 pre-mRNA was incubated with a 20-fold molar excess of purified MS2-MBP fusion protein for 30 min at 4 °C before addition to the splicing reaction. B complexes were isolated after incubating a standard splicing reaction for 6 min at 30 °C; thus these kinetically stalled B complexes also contain low amounts of complexes formed before and after B, including pre-B and B^act^ complexes, that migrate in the same position or close to B complexes on the glycerol gradient. Pre-B complexes were isolated after preincubation with 50 ng μl^−1^ of hPrp28^AAAD^ protein. The splicing reactions were loaded onto a linear 10--30% (v/v) glycerol gradient containing G-150 buffer and centrifugation was performed at 112,000*g* (*r*~max~) for 15 h at 4 °C in a Sorvall TST 41.14 rotor. Gradients were harvested manually in 500 μl fractions from top to bottom. The distribution of ^32^P-labelled MINX-MS2 pre-mRNA across the gradient was determined by Cherenkov counting. Peak fractions containing spliceosomal complexes were pooled and loaded onto a column containing 150 μl (packed volume) of amylose beads (NEB). After washing with G75 buffer, bound complexes were eluted with 300 μl of G-75 buffer containing 20 mM maltose. RNA was recovered from the purified complexes, separated on a denaturing polyacrylamide gel and visualized by silver staining.

2D gel electrophoresis and mass spectrometry
--------------------------------------------

Affinity-purified, 37S pre-B complexes were concentrated by sedimentation at 700,000*g* and RNA was subsequently digested with RNase T1, RNase A and RNase I in the presence of urea[@b26]. After treatment with iodoacetamide to prevent protein oxidation, the sample was concentrated by dialysis against Slide-A-Lyser Concentration solution (Pierce) and loaded onto the first dimension. The first dimension gel contained 2% (w/v) acrylamide, 1.4% methylene bisacrylamide, 7 M urea, 4 M thiourea, 40% (v/v) formamide in 40 mM Bis-TRIS-OAc pH 5.7 (ref. [@b26]). The second dimension gel contained 8% (v/v) acrylamide. Proteins were stained with RuBPS (RubiLAB) or, for mass spectrometry, with Coomassie. Protein spots were cut out of the 2D gel and proteins were digested in-gel with trypsin. Peptides were extracted and then analysed in a liquid-chromatography-coupled electrospray ionization quadruple time-of-flight mass spectrometer (LTQ Oribitrap XL) under standard conditions. Proteins were identified by searching fragment spectra against the NCBI nonredundant database using Mascot as a search engine.

Psoralen crosslinking
---------------------

Affinity-purified spliceosomal complexes (formed on ^32^P-labelled MINX pre-mRNA) in G150 buffer were supplemented with 40 μg ml^−1^ of AMT hydrochloride[@b45]. After incubating for 10 min on ice, samples (±AMT) were irradiated with 365 nm ultraviolet light for 30 min at 4 °C with a distance of 4 cm between the samples and ultraviolet lamp. To further characterize the crosslinked RNA species, a 300- or 600-fold molar excess of a DNA oligo (5′- GTCCTCAACCGCGAG -3′, Eurofins MWG Operon), complementary to nucleotides 1--15 of the second exon of the MINX-MS2 pre-mRNA, and 0.1 U μl^−1^ RNase H (NEB), were added to the crosslinked RNAs and the reaction was incubated for 1 h at 37 °C. RNA was resolved on a 5% polyacrylamide gel containing 6 M urea and transferred to a nylon membrane (Hybond XL, GE Healthcare). The membrane was sequentially hybridized with ^32^P-labelled probes against the pre-mRNA, and the U1, U2, U4, U5 and U6 snRNAs. Before incubation with a different probe, ^32^P-labelled probe was removed by boiling the membrane for 30 min in 15 mM NaCl, 1.5 mM sodium citrate and 0.1% (w/v) SDS; efficient probe removal was controlled using a Typhoon phosphoimager (GE Healthcare). The snRNA composition of the affinity-purified pre-B and B complexes used for psoralen crosslinking was checked via silver staining to ensure the identity and quality of the analysed complexes.

Chasing of affinity-purified pre-B complexes
--------------------------------------------

HeLa nuclear extract was incubated with 0.5 units per μl of micrococcal nuclease (USB Affimetrix) and 1.6 mM CaCl~2~ at 30 °C for 6 min. To inactivate the MN, EGTA was added to a final concentration of 4.5 mM. Affinity-purified 37S pre-B or 45S B complexes formed on ^32^P-labelled MINX-MS2 pre-mRNA were incubated with splicing buffer alone (70 mM KCl, 3 mM MgCl~2~, 2 mM ATP, 20 mM creatine phosphate), 50 ng μl^−1^ recombinant hPrp28^wt^ or additionally in the presence of 30% (v/v) MN-treated HeLa nuclear extract ±50 ng μl^−1^ recombinant hPrp28^wt^ (as indicated). A 10-fold excess of unlabelled MINX-MS2 pre-mRNA was added to exclude the reassembly of snRNPs on the radiolabelled pre-mRNA in the event that they dissociate from the affinity-purified 37S pre-B complexes. After incubation for 30 min on ice, the reaction was incubated at 30 °C for 0--90 min. RNA was recovered, separated on a 14% polyacrylamide gel containing 6 M urea, and visualized with a Typhoon phosphoimager (GE Healthcare).

Stabilization of affinity-purified 37S pre-B complexes
------------------------------------------------------

MS2 affinity-purified 37S pre-B complexes in G-75 buffer were first supplemented with a 100-fold excess of either the 5′ss RNA oligonucleotide or its 2′O-ribose methylated version, and then incubated for 15 min on ice. The reaction was loaded onto a linear 10--30% (v/v) glycerol gradient containing G-150 buffer, and centrifuged at 488,576*g* (*r*~max~) for 135 min at 4 °C in a Sorvall TH660 rotor. The gradients were harvested manually in 175 μl fractions from the top and peak fractions were subjected to a second MS2 affinity selection. RNA was recovered from the affinity-purified complexes, separated on a denaturing polyacrylamide gel and visualized by silver staining.

Electron microscopy
-------------------

For electron microscopy, affinity-purified complexes were subjected to a second, linear 10--30% (v/v) glycerol gradient containing G-75 (37S pre-B complex) or G-150 (B complex and purified 37S pre-B+5′ss oligo complex) buffer and 0-0.1% (v/v) glutaraldehyde[@b46]. The samples were centrifuged at 488,576*g* (*r*~max~) for 2 h in a Sorvall TH660 rotor at 4 °C and gradients were harvested manually in 175 μl fractions from the top. Particles were negatively stained by the single-carbon film method[@b47]. Images were recorded at a magnification of × 88,000 at 160 kV with a CM200 FEG electron microscope (Philips, The Netherlands) at room temperature and two-fold binning on a 4k × 4k CCD camera (TVIPS, Germany). For each data set, 9,000--11,000 individual single-particle images were collected and single-particle image-processing was performed using the software package IMAGIC-5 (ref. [@b48]). Image-processing consisted of a reference-free alignment, after which the images were subjected to multivariate statistical analysis and classification[@b49][@b50][@b51]. The resulting class averages were used as reference images for subsequent rounds of alignment until the class averages were stable.

Western blotting
----------------

For western blotting, proteins of affinity-purified complexes were separated by SDS--polyacrylamide gel electrophoresis (PAGE) and transferred to a nitrocellulose membrane (Protran, Whatman). The membrane was incubated in TBS buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% (v/v) Tween-20) containing 5% (w/v) dried milk, with antibodies against hPrp28 (ref. [@b20]), hSnu114 (ref. [@b51]), His~6~-tag (Qiagen, catalogue number 34660), hPrp31 (ref. [@b35]) or phosphorylated hPrp31 (ref. [@b35]), and bound antibody was detected using an ECL detection kit (GE Healthcare). After sequential incubation with His~6~-tag (1:2,000), phosphorylated hPrp31 (1:5,000) and then hSnu114 (1:6,000) antibodies, bound antibodies were removed from the blot by incubating in S-buffer (62.5 mM Tris-HCl pH 6.7, 2% (w/v) SDS, 100 mM β-mercaptoethanol) at 50 °C for 30 min. The blot was then incubated with anti-hPrp28 (1:1,000) followed by anti-hPrp31 (1:1,000) antibodies. See [Supplementary Fig. 8](#S1){ref-type="supplementary-material"} for uncropped western blot images.

Copurification of 5′ss RNA oligonucleotide with spliceosomes
------------------------------------------------------------

To determine whether the 5′ss-containing oligonucleotides bind to spliceosomal complexes, unmodified or 2′O-ribose methylated 5′ss RNA oligonucleotide were first radioactively labelled at their 5′-end using γ-^32^P-ATP and T4 polynucleotide kinase. Spliceosomal complexes were allowed to form for 3 min at 30 °C, then a 100-fold molar excess (relative to the MINX-MS2 pre-mRNA) of radiolabelled 5′ss oligonucleotide was added to the reaction. After an additional incubation of 3 min at 30 °C, spliceosomal complexes were purified by 10--30% (v/v) glycerol gradient centrifugation and MS2 affinity-selection. RNA was recovered from the eluates, separated by denaturing PAGE and visualized by autoradiography. The specific activity of the 5′ss oligonucleotides was 30,000 c.p.m. per pmol, whereas that of the MINX-MS2 pre-mRNA was 56,000 c.p.m. per pmol. The relative intensity of the 5′ss oligo and the MINX-MS2 pre-mRNA in lane 2 was quantified using a Phosphorimager and ImageQuantTL (GE Healthcare).

Data availability
-----------------

The authors declare that the data supporting the findings of this study are available within the article and its [Supplementary Information](#S1){ref-type="supplementary-material"} files.
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![An excess of ATPase-deficient hPrp28 stalls splicing before spliceosomal B complex formation.\
(**a**) *In vitro* splicing of ^32^P-labelled MINX-MS2 pre-mRNA in HeLa nuclear extract in the presence of increasing amounts (10--100 ng μl^−1^) of recombinant hPrp28 or an AAAD mutant (hPrp28^AAAD^) thereof, as indicated above each lane. RNA was analysed by denaturing PAGE and visualized by autoradiography. The positions of the pre-mRNA, and splicing intermediates and products are indicated on the right. The nucleotide length of the pre-mRNA, mRNA and 5′ exon is indicated on the left. The % spliced mRNA is indicated below each lane. The average % spliced mRNA±s.d. (from three independent experiments) observed in the presence of 50 and 100 ng μl^−1^ hPrp28^AAAD^ was 2.65±0.80 and 2.05±0.77, respectively. (**b**) Analysis of splicing complexes formed in nuclear extract in the presence of 50 ng μl^−1^ hPrp28 or hPrp28^AAAD^ by agarose gel electrophoresis in the presence of heparin. The positions of H, A, B and B^act^/C complexes are indicated. (**c**) Splicing complexes were assembled on ^32^P-labelled MINX-MS2 pre-mRNA in HeLa nuclear extract for 6 min either in the absence or presence of an inhibitory concentration (50 ng μl^−1^) of the recombinant hPrp28^AAAD^ protein, and were analysed on a 10--30% glycerol gradient containing G-150 buffer. The percent of total radioactivity in each gradient fraction is plotted. Sedimentation values were determined using prokaryotic ribosomal subunits run in parallel. (**d**) Spliceosomal complexes in peak fractions (37S pre-B, fractions 16--18; B complex, fractions 17--19) were subjected to MS2 affinity selection and RNA was analysed by denaturing PAGE followed by silver staining. RNA identities are indicated on the right. Nucleotide length (nt) markers are derived from the snRNAs from purified human 37S cross-exon complexes run in parallel. (**e**) Schematic of the spliceosome assembly stages leading to a pre-catalytic B complex.](ncomms11997-f1){#f1}

![Identification of abundant proteins in purified 37S pre-B complexes.\
Proteins (\>25 kDa) associated with affinity-purified 37S pre-B complexes were separated by 2D gel electrophoresis, stained with RuBPS, and the identities of single protein spots were determined by mass spectrometry. Abundant proteins were identified by visual inspection and are indicated in black, and less abundant ones in grey.](ncomms11997-f2){#f2}

![Identification of RNA--RNA interactions in the 37S pre-B complex via psoralen crosslinking.\
(**a**) Affinity-purified pre-B and B complexes were UV-irradiated ± psoralen (AMT) as indicated. Total psoralen-crosslinked RNA was incubated with RNase H and an oligonucleotide complementary to exon 2 of the MINX pre-mRNA as indicated above each lane. RNA--RNA crosslinks were identified by northern blot analyses, incubating sequentially with ^32^P-labelled probes against the pre-mRNA, and U1, U2, U4, U5 and U6 snRNAs. The blot was stripped of each ^32^P-probe before incubation with a subsequent probe. ^32^P-labelled MINX pre-mRNA, on which the pre-B and B complexes were formed, is visible in all panels. The lower intensity of the ^32^P-pre-mRNA in the U5 panel is due to decay of the original signal. The positions of crosslinked RNA species are indicated. Bands appearing after RNase H digestion are indicated with a diamond (◊). \*A potential U1/U4 crosslink and ^\*\*^Internally crosslinked MINX pre-mRNA. (**b**) Schematic representation of the RNA--RNA networks in the pre-B and B complexes. The 5′ss base pairing interaction with U1 followed by U6 is highlighted purple, the U2-branch site base pairing interaction is shown in light blue and U2/U6 helix II is shown in dark blue.](ncomms11997-f3){#f3}

![Purified 37S pre-B complexes can be chased into catalytically active spliceosomes.\
Affinity-purified pre-B or B complexes, or MINX-MS2 pre-mRNA (as indicated above) were incubated at 30 °C for the indicated times (0--90 min) under splicing conditions in the presence of buffer alone (lanes 1--3 and 10--12) or micrococcal nuclease-treated HeLa nuclear extract (MNxt; lanes 6--9 and 13--17). To outcompete the hPrp28^AAAD^ mutant present in the pre-B complexes, 50 ng μl^−1^ of recombinant hPrp28^wt^ protein was added before incubation at 30 °C (lanes 4--5 and 8--9). RNA was analysed by denaturing PAGE and visualized with a Phosphorimager. The positions of the pre-mRNA, splicing intermediates and products are indicated on the right. Nucleotide length (nt) markers are derived from the snRNAs from purified human 37S cross-exon complexes run in parallel.](ncomms11997-f4){#f4}

![Electron microscopy of the 37S pre-B complex.\
Overviews of negatively stained, affinity-purified 37S pre-B (**a**) and B complexes (**c**) or affinity-purified 37S pre-B complexes incubated solely with the 5′ss RNA oligo (**e**). Representative class averages from 9,000 to 11,000 single-particle images of each complex are shown in the galleries in **b**,**d** and **f**. Scale bars, 50 nm. (**g**) Schematic representation of the 37S pre-B complex and B complex, with main structural features labelled according to Boehringer *et al*.[@b52]](ncomms11997-f5){#f5}

![Addition of a 5′ss RNA oligonucleotide to 37S pre-B complexes induces stable tri-snRNP binding.\
(**a**) Schematic of the effect of the addition of an excess of a 5′ss containing oligonucleotide on RNA--RNA interaction within the pre-B complex. Colouring as in [Fig. 3](#f3){ref-type="fig"}. (**b**) 37S pre-B complexes were assembled in nuclear extract on ^32^P-labelled MINX-MS2 pre-mRNA in the presence of an inhibitory concentration of hPrp28^AAAD^. After 3 min, wild type or 2′Ome 5′ss oligo was added at an 100-fold excess. Splicing complex formation was analysed on an agarose gel in the presence of heparin and visualized by autoradiography. The positions of H, A, B and B^act^/C complexes are indicated. (**c**) Glycerol gradient centrifugation (150 mM KCl) of affinity-purified 37S pre-B complexes alone or after incubating with either a wild-type 5′ss RNA oligonucleotide or a 2′Ome version thereof. Affinity-purified B complexes were run in parallel. The percent of total radioactivity (^32^P-MINX pre-mRNA) is plotted for each gradient fraction. (**d**) RNA was recovered from the indicated peak fractions, separated by denaturing PAGE and visualized by silver staining. Identities of snRNAs are indicated. Nucleotide length (nt) markers are derived from the spliceosomal snRNAs from purified human 37S cross-exon complexes run in parallel.](ncomms11997-f6){#f6}

![Summary of the cross-intron spliceosome assembly pathway.\
The A, pre-B, B and B^act^ complexes and their RNA--RNA networks are shown schematically. The 5′ss base pairing interaction with U1 followed by U6 is highlighted purple, the U2-branch site base pairing interaction is shown in light blue, U2/U6 helix II is shown in dark blue and U2/U6 helix I is shown in yellow.](ncomms11997-f7){#f7}

###### Summary of abundant proteins detected in pre-B complexes by 2D gel electrophoresis.

  **Protein name**     **Gene name**   **MW (kDa)**   **gi\|number**   ***S. cerevisiae*** **gene name**
  -------------------- --------------- -------------- ---------------- -----------------------------------
  Sm proteins                                                          
   SmB/B\'             *SNRPB*         24.6           gi\|119631003    SMB1
                                                                        
  U1 snRNP                                                             
   U1-70 K             *SNRNP70*       51.6           gi\|29568103     SNP1
   U1-A                *SNRPA*         31.3           gi\|189053747    MUD1
                                                                        
  U2 snRNP                                                             
   U2A′                *SNRPA1*        28.4           gi\|50593002     LEA1
   U2B″                *SNRPB2*        25.4           gi\|119630691    MSL1
   SF3a120             *SF3A1*         88.9           gi\|5032087      PRP21
   SF3a66              *SF3A2*         49.3           gi\|116283242    PRP11
   SF3a60              *SF3A3*         58.5           gi\|158255798    PRP9
   SF3b155             *SF3B1*         145.8          gi\|54112117     HSH155
   SF3b145             *SF3B2*         100.2          gi\|33875399     CUS1
   SF3b130             *SF3B3*         135.5          gi\|54112121     RSE1
   SF3b49              *SF3B4*         44.4           gi\|5032069      HSH49
                                                                        
  U5 snRNP                                                             
   hPrp8               *PRPF8*         273.7          gi\|91208426     PRP8
   hBrr2               *SNRNP200*      244.5          gi\|40217847     BRR2
   hSnu114             *EFTUD2*        109.4          gi\|12803113     SNU114
   hPrp6               *PRPF6*         106.9          gi\|189067252    PRP6
   hPrp28              *DDX23*         95.6           gi\|193785886    PRP28
   U5-40 K             *SNRNP40*       39.3           gi\|115298668    --
                                                                        
  U4/U6 snRNP                                                          
   hPrp3               *PRPF3*         77.6           gi\|4758556      PRP3
   hPrp31              *PRPF31*        55.4           gi\|221136939    PRP31
   hPrp4               *PRPF4*         58.4           gi\|189053699    PRP4
                                                                        
  U4/U6.U5 tri-snRNP                                                   
   hSnu66              *SART1*         90.2           gi\|10863889     SNU66
   hSad1               *USP39*         65.4           gi\|13926071     SAD1
   RBM42               *RBM42*         50.4           gi\|12804031     --
                                                                        
  Miscellaneous                                                         
   hPrp4 kinase        *PRPF4B*        117.1          gi\|158255924    --
   ASR2B               *SRRT*          100            gi\|13383501     --
   CBP80               *NCBP1*         91.8           gi\|4505343      STO1

Proteins from affinity-purified pre-B complexes were analysed by 2D gel electrophoresis ([Fig. 2](#f2){ref-type="fig"}) and individual spots were identified by mass spectrometry. Abundant proteins were determined by visual inspection and are grouped according to their association with snRNPs or stage of recruitment.

[^1]: Present address: Targos Molecular Pathology GmbH, Germaniastrasse 7, D-34119 Kassel, Germany
